ABSTRACT
U
p to 50% of extremely preterm infants are diagnosed with cognitive impairment by school age. 1 While cerebral white matter abnormalities visible on cranial sonography account for an important proportion of those with later impairment, nearly 30% with no abnormality on sonography develop impairment. 2 The increasingly common finding of diffuse noncystic white matter signal abnormalities, primarily visible only by using conventional brain MR imaging, has been linked with later cognitive impairment. [3] [4] [5] However, neurodevelopmental outcome prediction by using qualitative conventional MR imaging at term-equivalent age remains suboptimal. [5] [6] [7] More accurate risk prediction at term could facilitate targeted intensive early intervention therapies and novel neuroprotection trials. Recent MR imaging advances permit quantification of water diffusion and anisotropy in vivo by using DTI. This advancement has facilitated sensitive detection of microstructural white matter injury and aberrant brain development in extremely preterm infants, making DTI a powerful diagnostic tool and potential early imaging biomarker for cognitive and other neurodevelopmental impairments. [8] [9] [10] [11] There is emerging evidence that DTI can predict neurodevelopmental impairments in very low-birth-weight (Յ1500 g) infants. [12] [13] [14] [15] However, studies in more immature extremely low-birth-weight (Յ1000 g) (ELBW) populations are lacking, and the incremental benefits of DTI over conventional MR imaging remain poorly defined. The goals of our study were 2-fold: 1) to investigate whether regional abnormalities on DTI at term-equivalent age in ELBW infants are independent predictors, over known clinical predictors, of standardized cognitive and language scores at 18-to 22-months' corrected age; and 2) to compare white matter microstructural development at term and neurodevelopmental outcomes of ELBW infants with healthy term controls at 18-to 22-months' corrected age by using the newer Bayley Scales of Infant and Toddler Development III.
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MATERIALS AND METHODS
Participants
Fifty ELBW and 16 healthy term infants from the Children's Memorial Hermann Hospital neonatal intensive care unit and neonate nursery, respectively, were enrolled to undergo brain DTI at 38 weeks' postmenstrual age or before discharge, if discharge was earlier.
Dates of enrollment for ELBW and term infants were May 2007 to July 2009 and July 2008 to January 2010, respectively. The main eligibility criteria for ELBW infants were a birth weight Յ1000 g and survival to 34 weeks postmenstrual age or greater and, for term infants, gestational age (GA) of Ն37 weeks and birth weight appropriate for GA. ELBW infants with known congenital CNS anomalies or who were mechanically ventilated with unstable clinical status at the time of enrollment were excluded. Term infants with any history of perinatal distress or complications or Ն42 weeks' GA were excluded. Institutional review board approval and informed consent were obtained before enrollment.
Image Acquisition and Processing
We used a 3T Achieva scanner (Philips Healthcare, Best, the Netherlands), equipped with a 32-channel receiver and a gradient system capable of producing gradient amplitudes of 80 mT/m with a slew rate of 200 T/m/s for all MR imaging. An 8-channel phased array head coil was used for data acquisition. The DTI protocol consisted of a single-shot, spin-echo planar sequence with TR/TE, 6000/61 ms; in-plane resolution, 1.6 ϫ 1. 
Data Analysis
Detailed data that included demographics, maternal, perinatal, and neonatal history were prospectively collected for all enrolled ELBW infants during their hospitalization. Additional data in regard to demographics and socioeconomic and health statuses were also collected for infants during their follow-up period. All data were entered into a secure data base with error checks by qualified neonatal research nurses. All unique identifiers were removed to protect privacy and to blind investigators to clinical history. STATA/IC 12 (StataCorp, College Station, Texas) was used for all data analyses. Two-sample t tests, 2 tests, and Fisher exact tests were used to describe and compare demographic characteristics of ELBW and term infants, as appropriate. Intrarater reliability for region-of-interest placements was assessed by using intraclass correlation coefficients on 17 randomly selected ELBW cases. The mental scale score (the average of cognitive and language scale scores) on Bayley III was the primary outcome of interest. This average score is an overall composite of cognitive and language abilities and permits comparison with the Bayley II mental scale score. 20 Bayley III cognitive and language scale scores were also evaluated independently as secondary outcomes. Bayley III scores (mental, cognitive, and language) and FA and MD measures for each region of interest were compared between term and ELBW infants by using a 2-sample t test or a Wilcoxon MannWhitney test, as appropriate.
Postmenstrual age was significantly associated with several regional diffusion measures as well as neurodevelopmental outcomes. As such, all regression analyses were controlled for this important confounder. Only regions in which FA and MD were significantly different in ELBW infants compared with term controls were selected for correlation with Bayley III outcomes. Univariate analyses for each region of interest were correlated with mental, cognitive, and language scale scores in separate analyses. Multiple regression modeling was used to identify the incremental and independent ability of DTI measures to predict Bayley III scores. All significant FA and MD ROIs (P Ͻ .05) were further analyzed in adjusted, multiple regression models. Each multiple regression model was adjusted for birth weight, white matter injury on cranial sonography (presence of ventriculomegaly with or without blood in the ventricles, echodense lesions in the parenchyma, cystic periventricular leukomalacia, and/or a porencephalic cyst evident on cranial ultrasound before 28 days of life), and abnormal conventional MR imaging findings at term (the presence of signal abnormalities, brain atrophy, and/or abnormal gray matter or white matter maturation for age). All assumptions of linear regression were met. In the final models, P Ͻ .05 was considered significant. All model results are presented as adjusted R 2 values, which represent the proportion of variability in the outcome explained by the model and regression coefficients, with corresponding 95% confidence intervals. Bootstrapping was used to assess the internal validity of the final adjusted models.
RESULTS
Forty-eight of 50 (96%) ELBW infants and 14 of 16 (88%) term infants returned for follow-up at 18-to 22-months' corrected age. Forty-two of these 48 ELBW infants and all 14 of the term infants had high-quality DTI scans free of motion artifacts. Complete Bayley testing was unavailable in 3 ELBW (2 had only cognitive scores) and 2 term infants due to behavioral problems, resulting in the final sample size of 39 ELBW and 12 term infants with complete follow-up and high-quality DTI scans. Demographic and clinical characteristics of these infants are presented in Table 1 . ELBW infants were significantly smaller for GA (range, 23-30 weeks) and weight (range, 468 -1000 g) than their term counterparts; however, postmenstrual age at MR imaging was similar between groups. Both groups were similar in regard to race and insurance status at birth and at follow-up. The 6 ELBW infants excluded secondary to motion artifacts were similar in a majority of key demographic and clinical variables and Bayley scores compared with those with complete follow-up data.
Cerebral palsy was diagnosed in 4 of 39 (10%) ELBW infants but in none of the term infants at 18-to 22-months' corrected age. Cerebral palsy was not considered as an outcome measure due to our limited study power (Table 1) .
Bayley III subtest scores are presented in Table 2 . The mean age at follow-up was 20.8 Ϯ 3.8 and 20.8 Ϯ 1.9 months' corrected age for preterm and term infants, respectively. The mean cognitive score for term controls was close to the test norm of 100 points, but the mean language score was approximately 5 points lower. Although not statistically significant, ELBW infants averaged 7-9 points lower than healthy term controls on the Bayley subtests.
Compared with healthy term infants, ELBW infants exhibited coefficient for region-of-interest placements was 0.93. In univariate analyses, subventricular zone FA had a significant positive association with mental and cognitive scale scores; the centrum semiovale and subventricular zone MD had a negative association with mental, cognitive, and language scale scores ( Table 3 ). As such, lower FA or higher MD values in these 2 regions were associated with lower Bayley III scores. White matter injury on cranial sonography performed within the first 28 days of birth was also a significant predictor of all 3 Bayley III scores. Abnormal conventional MR imaging findings (abnormalities in maturation or myelination, atrophy, and structural lesions) at term were a significant predictor of adverse Bayley mental and language scale scores but not cognitive scale scores at 18-to 22-months' corrected age. No associations between birth weight and Bayley III scores were found in the ELBW cohort. Centrum semiovale MD and subventricular zone FA remained significant independent predictors of Bayley III scores in the adjusted multiple-regression models. Centrum semiovale MD was the only significant predictor of mental scale scores, our primary outcome (Table 4) . In secondary analyses, centrum semiovale MD was predictive of language scale scores, and lower subventricular zone FA values were predictive of adverse cognitive scale scores on the Bayley scale (Table  4) . In clinical terms, a 10% increase in centrum semiovale MD was associated with a Ϫ4.6 (95% CI, Ϫ7.6 to Ϫ1.6) point decrease on mental scale scores and a Ϫ4.6 (95% CI, Ϫ8.0 to Ϫ1.2) point decrease on language scale scores. Similarly, a 10% increase in subventricular zone FA correlated with a 24.5 (95% CI, 9.6 -39.3) point increase on the Bayley III cognitive scale score. Most interesting, of the adjusted factors, only white matter injury on cranial sonography remained a significant predictor of lower mental and cognitive scale scores in multivariable regression modeling. Bootstrapping confirmed the internal validity of the 3 adjusted prediction models.
DISCUSSION
We identified 2 independent regional biomarkers of cognitive and language development in a prospective cohort of ELBW infants imaged at term-equivalent age. Our findings are consistent with emerging evidence of the utility of DTI microstructural abnormalities at term for prediction of neurodevelopmental impairment in very low-birth-weight preterm infants. 9, [12] [13] [14] Our data support the value of DTI in ELBW infants and suggest that FA and MD are independent predictive biomarkers of early cognitive and language development, in addition to cranial sonography and conventional MR imaging measures.
Cerebral palsy and results of standardized neurodevelopmental assessments are now the most commonly reported outcome measures in studies of preterm infants. Our small sample size, however, precluded us from testing cerebral palsy as an end point. Cognitive and language assessments may be considered the most clinically meaningful outcomes, with up to 50% of ELBW infants developing cognitive impairments by 2 years of age. 1 Mental scale scores and language and cognitive scale scores on the Bayley III were our primary and secondary outcomes of interest, respec- tively, serving as markers of functional brain development in our cohort of ELBW infants. Several studies have found similar associations between DTI and cognitive and language development, though these studies were completed in older preterm infants during childhood and adolescence. [21] [22] [23] Our study is one of a few that has attempted to correlate early DTI measurements at term with later cognitive development. [21] [22] [23] The subventricular zone and centrum semiovale were 2 vulnerable regions of particular interest-abnormalities in fractional anisotropy (lower values) and mean diffusivity (higher values) in these regions were associated with lower mental, cognitive, and language scale scores. These abnormalities remained significant predictors of Bayley III scores, even after adjustment for known adverse predictors of outcome (Table 3) . Because diffuse excessive high signal abnormalities are especially common in the centrum semiovale, our results provide additional evidence that such diffuse white matter abnormalities are predictive of cognitive impairment. 4, 5, 13 Even relatively small changes (10%)-equivalent to 1.1-3.5 weeks of brain maturation 24 -in fractional anisotropy or mean diffusivity, respectively, were associated with clinically meaningful effects on Bayley scores at 18-to 22-months' corrected age. Our results highlight the importance of measuring both MD and FA in vulnerable regions, and differences we observed in correlations with outcome suggest differences in underlying white matter pathology. Mean diffusivity measures the average water diffusion, and high values are believed to reflect destruction of tissue architecture. In contrast, FA values reflect the degree of water anisotropy along different axes; decreased tissue anisotropy likely reflects tissue degeneration. 25 In addition to numerous animal models of CNS diseases, 26, 27 there are now human fetal 28 and adult studies 29, 30 that have demonstrated accurate correlations between DTI microstructural measures and histopathology measures. Increasing fractional anisotropy and decreasing mean diffusivity are markers of improved axonal organization and white matter myelination and are associated with increasing brain development. 31 Multiple studies to date, however, have shown that preterm infants exhibit both macro-and microstructural differences in their white matter organization, often irrespective of underlying injury, compared with healthy term infants; such differences persist into early childhood, adolescence, and even adulthood. 18, 23, 24, 32 In their study, Shim et al 33 observed that chronic lung disease and postnatal infection in preterm infants were independently correlated with altered FA in the posterior limb of the internal capsule and corpus callosum, suggesting that factors other than prematurity alone may affect brain microstructure in preterm infants. Similarly, we have found an independent association between increasing duration of mechanical ventilation (our proxy for chronic lung disease) and delayed maturation (increased MD) of the occipital periventricular zone and centrum semiovale. 34 Studies in more mature preterm infants found FA and MD to be sensitive markers of microstructural white matter abnormalities and significantly associated with neurodevelopmental impairments. 9, 13, 14 For example, Krishnan et al 13 observed increasing centrum semiovale MD to be associated with a decreasing developmental quotient in infants Յ34 weeks' GA at birth, similar to our primary outcome findings. However, van Kooij et al 14 reported a significant association between corpus callosum FA and Bayley III cognitive scores in infants Ͻ31 weeks' GA, a finding we were not able to validate. Study differences in DTI acquisition and processing methodology (eg, region of interest-based versus whole-brain analyses) and cohort characteristics may well explain such a difference in results. Our data further highlight the importance of DTI measures as early imaging biomarkers and useful adjuncts to conventional neuroimaging to predict cognitive and language development, particularly in the smallest and most vulnerable infants.
The main characteristics of our study included a high-risk population, consistent and reproducible DTI measurements by using robust postprocessing methods, high-resolution 3T imaging, internal validation by using bootstrap, and high follow-up rates. However, our relatively small sample size may have resulted in type II errors (false-negatives). In particular, the lack of a statistical difference in neurodevelopmental scores we observed between ELBW and term infants may have been largely affected by our limited study power. Our decision to avoid sedation for MR imaging in any of the study infants likely contributed to the 10% rate of excessive motion artifacts and case exclusions. Additionally, 18-to 22-months' corrected age is a relatively early follow-up interval for cognitive assessments because these appear to be more accurate at school age. 35 Despite these limitations, our DTI biomarkers accounted for a sizable percentage of the variance in cognitive and language scores, in addition to qualitative neuroimaging approaches, and warrant validation in a larger cohort with school-age follow-up.
CONCLUSIONS
In this prospective cohort study of ELBW infants, DTI microstructural biomarkers at term-equivalent age were independent predictors, in addition to known clinical and imaging risk factors, of cognitive and language development at 18-to 22-months' corrected age. Larger cohort studies with longer follow-up are needed to further assess the predictive validity of DTI measures as early imaging biomarkers of functional impairments in extremely preterm infants. .40 White matter injury on ultrasound Ϫ14.0 (Ϫ25.5 to Ϫ2.6) .02 Abnormal findings on MRI at term Ϫ5.5 (Ϫ15. 6-4.6) .28
